Expression of the E1B 19K protein is required to inhibit apoptosis induced by E1A during adenovirus infection and transformation. E1B 19K is homologous to Bcl-2 in function and the two proteins also share limited amino acid sequence homology. Consequently, the E1B 19K and Bcl-2 proteins bind to and inhibit the cellular deathinducing proteins Bax, Bak and Nbk/Bik. Both E1B 19K and Bcl-2 localize to membranes of the nucleus and the endoplasmic reticulum. In addition to membrane association, and unlike Bcl-2, the E1B 19K protein is found associated with intermediate ®lament proteins in the cytoplasm and the nuclear lamina and copuri®es with the lamins both during infection and transformation. While a membrane targeting domain at the C-terminus of Bcl-2 ensures its proper localization, the mechanism by which the E1B 19K protein localizes is unknown. Not surprisingly, lamin A fragments were cloned from a yeast two-hybrid screen for E1B 19K-interacting proteins. The interaction was demonstrated in yeast and mammalian cells in vivo and in vitro and was unique and speci®c to E1B 19K, with no interaction evident between Bcl-2 and lamin A. Mutants of lamin A/C which localized inappropriately in the cytoplasm or nucleus but retained E1B 19K binding, interfered with the nuclear envelope and cytoplasmic membrane targeting of the E1B 19K protein. Improper localization impaired the ability of the E1B 19K protein to inhibit apoptosis. Thus, proper localization of the E1B 19K protein is required for its function and the interaction of the E1B 19K protein with lamin A/C may represent a means for nuclear envelope localization.
Introduction
Infection of human cells, which are permissive for adenovirus replication, results in viral early gene expression, viral DNA replication, late viral transcription, assembly of viral particles and eventually, lysis of the host cell which releases the viral particles (White, 1994) . In a non-permissive host (rodent cells) however, induction of deregulated growth by the early region 1 (E1) genes results in oncogenic transformation (White, 1994) .
The adenovirus E1A gene products recruit the host cell machinery required for DNA replication and drives the cell into an active S phase (Moran, 1993) . The host cell response manifested by the upregulation of the p53 tumor suppressor gene product leads to the induction of apoptosis (Debbas and White, 1993; Lowe and Ruley, 1993) . Unless inhibited by another gene product, the induction of apoptosis causes impaired virus yield or inecient transformation, as the case may be (Rao et al., 1992; White et al., 1991 .
The E1B gene encodes two products of 55 KDa and 19 KDa, both of which can cooperate with E1A in transformation assays (Rao et al., 1992; . The E1B 55K protein functions by physically associating with and inhibiting p53 (Sarnow et al., 1982; Yew and Berk, 1992) to overcome apoptosis (Rao et al., 1992) . Infection with mutant adenoviruses lacking a functional E1B 19K gene results in the induction of enhanced cytopathic eects (cyt phenotype) and degradation of viral and cellular DNA (deg phenotype) which are indicative of apoptosis (White et al., 1984b (White et al., , 1991 White and Stillman, 1987) . Subsequently, the function of the E1B 19K protein as an inhibitor of apoptosis has been established both during infection and transformation (Rao et al., 1992; White et al., 1991 . In fact, the E1B 19K protein is a better inhibitor of apoptosis than E1B 55K and can function to inhibit apoptosis in a variety of settings and cell types (Rao et al., 1992; White, 1994) .
Apoptosis induced by E1A in primary baby rat kidney (BRK) cells is p53-dependent and dominant interfering mutants of p53 cooperate with E1A to transform BRK cells (Debbas and White, 1993) . E1A and a temperature sensitive mutant of p53(Val135) transform cells at the restrictive temperature of 388C when p53 is in the mutant conformation (Debbas and White, 1993) . However, at 328C the permissive temperature, p53 is wild-type and cells undergo apoptosis. Expression of the E1B 19K protein in the E1A plus p53(Val135) transformed BRK cell line can overcome apoptosis induced by wild-type p53 at 328C (Debbas and White, 1993) although, the ability of p53 to induce growth arrest is not afected by the expression of E1B 19K (Sabbatini et al., 1995a) .
The product of the human proto-oncogene Bcl-2, can substitute for E1B 19K during infection and cooperate with E1A in transformation assays (Chiou et al., 1994b; Rao et al., 1992; Tarodi et al., 1993) . Thus, E1B 19K and Bcl-2 are functionally homologous and share amino acid sequence homology especially in certain key residues and domains (Chiou et al., 1994b) . A two-hybrid screen for E1B 19K interacting proteins yielded two death inducing cellular proteins, Bax and Nbk/Bik which also interact with and functionally antagonize the Bcl-2 protein (Han et al., 1996a,b) . Another death promoting protein, Bak, was cloned in a similar two-hybrid screen for E1B 19K binding proteins (Farrow et al., 1995) and also binds Bcl-2 (Chittenden et al., 1995b; Kiefer et al., 1995) . Bax, Nbk/ Bik, and Bak, contain a BH3 domain which is required for protein-protein interactions between the Bcl-2 family members and for promoting apoptosis (Boyd et al., 1995; Chittenden et al., 1995a; Han et al., 1996a,b; Simonian et al., 1996; Zha et al., 1996) .
Bcl-2 has a membrane spanning domain at its Cterminus and is found localized to membranes of the nucleus, endoplasmic reticulum and mitochondria (Chen-Levy and Cleary, 1990; Hockenbery et al., 1990; Krajewski et al., 1994; Monagan et al., 1992) . Although the E1B 19K protein lacks a membrane targeting domain, it is found associated with endoplasmic reticulum membranes in the cytoplasm, the inner and outer membranes of the nuclear envelope and is in close proximity with intermediate ®laments in the cytoplasm and the nuclear lamina (Persson et al., 1982; White et al., 1984a; White and Cipriani, 1989, 1990) . In adenovirus infected cells, the 19K protein accumulates entirely in the nuclear envelope, thus localization of the 19K protein to the nuclear envelope is sucient for 19K function (White et al., 1984a) . Biochemical fractionation revealed about half of all the E1B 19K protein in an infected cell to be tightly bound to the nuclear lamina (White et al., 1984a) . Since the lamins comprise an insoluble ®lamentous network at the nuclear periphery, determination of any direct interaction between the E1B 19K protein and the nuclear lamins has been dicult in mammalian cells.
The nuclear lamins are the major structural proteins which constitute the nuclear lamina underlying the inner nuclear membrane (McKeon, 1991) . The lamins consist of three closely related intermediate ®lament proteins (lamins A, B, and C) which polymerize via their a-helical rod domains to give structural integrity to the nucleus (McKeon, 1991; Nigg, 1993) . Phosphorylation of serine residues¯anking the a-helical rod domain is responsible for lamin disassembly during mitosis (Peter et al., 1990; Ward and Kirschner, 1990) whereas site speci®c proteolysis causes irreversible lamin breakdown during apoptosis (Earnshaw, 1995; Lazebnik et al., 1995; Rao et al., 1996) . Activation of Mch-2, a cysteine protease with lamin cleavage activity and the site speci®c proteolysis of the nuclear lamins are events occurring in the execution phase of apoptosis (Orth et al., 1996; Rao et al., 1996; Takahashi et al., 1996) . The site of lamin proteolysis maps to a conserved aspartic acid residue at position 230 in lamin A (Rao et al., 1996; Takahashi et al., 1996) . During E1A-induced p53-dependent apoptosis lamin cleavage is apparent within 8 h of triggering apoptosis and expression of the E1B 19K protein can inhibit both apoptosis and lamin cleavage (Rao et al., 1996) . Inhibition of lamin cleavage by expressing uncleavable mutants of lamin A, B and C, delays the onset of the nuclear events associated with apoptosis indicating that lamins are important substrates in bringing about nuclear destruction during apoptotic cell death (Rao et al., 1996) .
Fragments of lamin A were isolated from a HeLa cDNA library in a screen for E1B 19K binding proteins. Isolation of lamin fragments in a similar screen using a B-cell library has been previously reported (Farrow et al., 1995) . While this provides evidence supporting a direct interaction between the E1B 19K protein and lamin A, the signi®cance of this association is unknown. We have characterized the association between E1B 19K and lamin A/C by de®ning the minimal sequences of each protein required for the binding. With a view to understanding the functional signi®cance of the association between E1B 19K and the nuclear lamins, we have used mutants of lamin A/C which retain E1B 19K binding in vivo but mislocalize in the nucleus and cytoplasm. Expression of these lamin mutants interfered with E1B 19K function by binding to and extracting it from cytoplasmic membranes and the nuclear envelope. Based on these ®ndings, we propose that the association between E1B 19K and lamin A/C may represent a means for the E1B 19K protein to localize appropriately to the nuclear periphery which is required for its function as an inhibitor of apoptosis.
Results

BP2 interacts with E1B 19K in yeast
The E1B 19K protein inhibits apoptosis induced in dierent settings and cell types (White, 1994) . To understand the biochemical mode of action of the E1B 19K protein, we isolated 19K binding cellular protein using the yeast two-hybrid system. A HeLa cDNA library was screened using the coding region of E1B 19K fused to the yeast GAL4 DNA binding domain in the pGBT9 vector as bait. The seven clones obtained after screening out false positives were designated BP1 to 7 (Han et al., 1996a) . BP3 was found to be a fragment of human Bax, a death promoting cellular protein capable of antagonizing the E1B 19K protein (Han et al., 1996a) . BP4 contained an open reading frame coding for a novel protein with apoptosisinducing properties and was characterized as Nbk/Bik (Han et al., 1996b) . Both BP3 and BP4 also interact with Bcl-2, consistent with the functional and sequence homology shared between E1B 19K and Bcl-2 proteins.
The ability of BP2 to interact with wild-type and mutants of E1B 19K, Bcl-2, and other irrelevant proteins was tested in the yeast two-hybrid system. Yeast transfected with combinations of DNA were plated on medium lacking histidine. Growth in the absence of histidine (Figure 1 ) or appearance of blue color in a ®lter-based b-galactosidase assay (data not shown) are indicative of a positive interaction. BP2 interacts speci®cally with E1B 19K but not with other nonspeci®c proteins (APC-2). BP2 does not interact with Bcl-2 as indicated by weak growth in the absence of histidine (Figure 1 ) and no blue color in the bgalactosidase assay (data not shown). Also, ®ve missense mutants of E1B 19K (pm7, 44, 51, 87 and 102) tested for interaction were identical to the wildtype E1B 19K protein in their ability to interact with BP2 (Figures 1 and 2 ). This could indicate sequence requirements outside of the missence mutants (N-or Cterminal sequences) for mediating the interaction between E1B 19K and BP2 or multiple regions of contact between the two proteins with any single amino acid change unable to disrupt the interaction. The ®ve missense mutants of E1B 19K used are defective for E1B 19K function Chiou et al., 1994a) and two of the mutants fail to interact with Bax and Nbk/Bik (Han et al., 1996a,b) . Substitution of phenylalanine for serine in BH3 (pm51) or glycine for (Han et al., 1996a,b) . Based on these results, the sequence requirements for Bax or Nbk/Bik to interact with E1B 19K appear to be the same, while the interaction with BP2 appears to be unique.
Amino acids 1 ± 146 of E1B 19K are required for interaction with BP2
Since the E1B 19K missense mutants (pm7, 44, 51, 87 and 102) interacted with BP2 as eciently the wildtype (Figures 1 and 2 ), we used a panel of E1B 19K deletion mutants to de®ne the sequence requirements mediating the interaction with BP2. The deletions in the E1B 19K protein were generated from the Nterminus (DN30, DN64, and DN87), from the Cterminus (DC146, DC93, and DC70), and from both the C-terminal and N-terminal ends (30 ± 146, 30 ± 93, 64 ± 146 and 19 ± 57) to extensively cover the entire protein and have been previously described ( Figure 2 ) (Han et al., 1996a) . These deletion mutants have been tested with other E1B 19K interacting proteins and nearly all of the mutants have the ability to interact with at least one of the 19K binding proteins (Han et al., 1996a,b) (unpublished observations). The interactions were tested with BP2 and scored for the ability of the yeast to grow in the absence of histidine and the intensity of blue color in the b-galactosidase assay. As seen in Figure 2 , most of the deletions failed to show any interaction with BP2 except for DC146, which encompasses a large portion of the E1B 19K protein from amino acids 1 ± 146 including BH1 and BH3. Amino acids 1 ± 146 of E1B 19K are required for the association with BP2 as further deletions from either the C-or N-terminus of the 19K protein resulted in a loss of the interaction. All the missense mutations tested earlier lie within this region from amino acids 1 ± 146 of the E1B 19K protein (Figure 2 Among the various adenovirus serotypes, amino acids 1 ± 81 share 52% identity, amino acids 82 ± 113 is the most conserved central region with 63% identity and the C-terminal 63 amino acids from 113 ± 176 are the least conserved with only 37% identity (Chiou et al., 1994b) . Interaction of the missense mutants of E1B 19K (pm7, pm44, pm51, pm87 and pm102) with BP2 and the amino acid substitution used to generate these mutants are indicated. The deletion mutants of E1B 19K used to de®ne the minimal sequence requirements for E1B 19K to interact with BP2 are represented by solid lines and have been described before (Han et al., 1996a) . The missense mutants and deletion fragments of E1B 19K in the pGBT9 DNA binding domain vector were transfected with BP2 in the pGAD activation domain vector. Interactions were scored by vigor of growth in the absence of histidine and the intensity of blue color in a bgalactosidase assay. +++Indicates vigorous growth and intense blue color indicative of strong interaction while 7indicates no growth, no blue color, and therefore no interaction interaction with BP2. The C-terminal 20 amino acids which are dispensable for the interaction encompass the least conserved region of the E1B 19K protein among all the adenovirus serotypes and deletion of the ®nal 16 residues at the C-terminus of E1B 19K has no phenotypic eect (Zhang et al., 1992) .
BP2 encodes a fragment of lamin A
Comparison of the sequence of BP2 with those in the database revealed that BP2 encodes the carboxy terminal 412 amino acids of human lamin A ( Figure  3 ) and ®ve other clones isolated form the two-hybrid screen were found to encode lamin A. It has been shown previously that the E1B 19K protein resides in endoplasmic reticulum and nuclear membranes and copuri®es with the nuclear lamina in infected and transformed cells (White et al., 1984a; White and Cipriani, 1989) . At late times post infection the E1B 19K protein localizes exclusively to the nuclear envelope and is a major component of the insoluble lamina underlying the inner nuclear membrane as determined by indirect immuno¯uorescence, immunoelectron microscopy, and biochemical fractionation (White et al., 1984a) . Overexpression of the E1B 19K protein disturbs lamin organization suggesting that the E1B 19K protein is in close proximity with the lamin proteins (White et al., 1984a; White and Cipriani, 1989, 1990) . The isolation of lamin A from a two-hybrid screen provides evidence for a direct interaction between lamins and E1B 19K.
Mapping the minimal region of lamin A/C required for interaction with E1B 19K
Lamin A consists of an a-helical rod domain to enable assembly into intermediate ®laments, a nuclear localization signal (NLS) to direct the lamins to the nucleus, phosphorylation sites¯anking the a-helical rod domain important for disassembly during mitosis, and a C-terminal CAXX box isoprenylation sequence for nuclear membrane targeting ( Figure 3 ) (McKeon, 1991; Nigg, 1993) . BP2, the original fragment of lamin cloned from the two-hybrid screen, consisted of an internal segment of lamin A from amino acid 252 ± 664 including part of the a-helical rod domain and all of the C-terminal sequences and was designated DN252 (Figure 3 ). Further deletions of lamin A were constructed in order to map a minimal binding domain and to assess a possible role for the interaction between the E1B 19K protein and lamin A. The deletions were designed to include or exclude speci®c signals important for lamin function (such as the Ser392 phosphorylation site) and were cloned in frame with the GAL4 activation domain in the pGAD vector to assay for interactions in yeast. Interactions were scored based on the vigor of growth in the absence of histidine and intensity of blue color in a bgalactosidase assay as compared with DN252 (BP2). Minimal binding mapped to residues 252 ± 390 of lamin A which included part of the a-helical rod domain ( Figure 3 ). The Ser392 phosphorylation site was not required for binding (Figure 3 ), nor did E1B 19K expression alter the phosphorylation of nuclear lamins (unpublished observations). The C-terminal CAAX box and the nuclear localization signal (NLS) are not included in the minimal binding region and therefore E1B 19K binding would not be expected to aect the normal localization of lamins to the nuclear lamina. The minimal bindng site also does not include the lamin proteolysis site.
Weak binding was observed with a smaller deletion including residues 317 ± 390 of lamin A (Figure 3) . The interaction observed with amino acids 317 ± 390 of lamin A was only a fraction in intensity as compared to that observed with amino acids 252 ± 390. Therefore, amino acids 252 ± 390 of lamin A were considered as the minimal binding region for further experiments. Possibly binding in vivo encompasses additional amino acids¯anking the minimal sequences mapped here using interactions in yeast. The E1B 19K protein would be expected to interact with lamin C also, as amino acids 252 ± 390 represent sequences common to both lamins A and C since these proteins are alternatively spliced products of the same gene diering only in their C-terminus (McKeon, 1991) .
In vitro association between the E1B 19K protein and lamin A/C The nuclear lamins are relatively insoluble proteins requiring harsh detergent conditions to be extracted from cells (McKeon, 1991) . Under these conditons, any interaction between E1B and lamin A/C is disrupted and demonstrating in vivo association by immunoprecipitation is thereby dicult. Using a GST pull-down (McKeon, 1991) . Some of these structural features were used as the basis for constructing deletions of lamin A to de®ne the minimal binding domain on lamin A. The deletions of lamin A indicated in bold lines were cloned in frame with the activation domain in the pGAD vector and tested for interaction with the full length E1B 19K protein in pGBT9 after transfections into yeast. Interactions were scored by the number of colonies on plates without histidine as compared to plates with histidine and by the intensity of blue color in a b-galactosidase assay. (+++) Strong interaction, (+) weak interaction, (7) no interaction. The site of lamin proteolysis during apoptosis maps to an aspartic acid residue at position 230 (Rao et al., 1996) and is indicated assay, we examined the ability of GST-lamin A/C protein fragments to associate with in vitro translated E1B 19K. To substantiate the two-hybrid results we generated three deletions of lamin A/C (LA252 ± 390, LA252 ± 411, and LADN411) as fusion proteins with GST ( Figure 4a ) and used GST alone as a control. Approximately equal quantities of the protein immobilized on Glutathione sepharose beads (as shown in the Comassie stained gel in Figure 4a ), were incubated with 35 S-labeled in vitro translated E1B 19K or Bcl-2 protein. The complexes were washed with the immunoprecipitation buer, resolved on an SDS ± PAGE gel and visualized by autoradiography ( Figure  4b ). The results obtained re¯ect the observations made from the interactions between the E1B 19K protein and lamin A/C deletions in yeast. GST LA252 ± 390 and GST LA252 ± 411 show speci®c interactions with the E1B 19K protein as apparent from the band comigrating with the in vitro translated product immunoprecipitated with a monoclonal antibody speci®c for E1B 19K (2F3) (Figure 4b ). GST LA252 ± 411 was able to interact more strongly with E1B 19K than GST LA252 ± 390, possibly due to the additional 21 amino acids stabilizing the interaction. GST LADN411 did not interact with E1B 19K as observed in the two-hybrid system. Bcl-2 failed to interact with any of the GST-lamin deletion proteins, however, the Bcl-2 protein was translated as con®rmed by immunoprecipitation with a Bcl-2 speci®c antibody (DC21) (Figure 4b) . A low intensity band observed with GST LADN411 is non-speci®c background and a similar background band is observed in the corresponding control lane with in vitro translated Bcl-2. Neither E1B 19K nor Bcl-2 bound to GST alone, which served as a negative control (Figure 4b ). Although E1B 19K and Bcl-2 are homologous and interact with common cellular proteins to mediate function (Boyd et al., 1994; Chiou et al., 1994b; Han et al., 1996a,b) , binding to lamin A/C is unique to the E1B 19K protein and may represent subtle dierences in the function and localization of these two proteins.
Co-localization of the E1B 19K protein with the localization mutants of lamin A/C
Truncations of the C-terminal CAAX box and sequences distal to amino acid 456 of lamin A results in the aberrant assembly of the mutant lamin protein inside the nucleus as thin tubular elements (Loewinger and McKeon, 1988) . Similarly, deleting the NLS and coding region distal to amino acid 407 of lamin A results in a severe failure of the mutant lamin protein to localize in the nucleus or nuclear membranes, and instead cytoplasmic assembly as tubular elements occurs (Loewinger and McKeon, 1988) . Using this information, two deletion mutants of lamin A/C were constructed with a myc epitope tag at the N-terminus in frame with the coding region of the lamin protein ( Figure 5 ). These fragments were cloned under the control of a CMV promoter in the pCEP4 vector carrying a hygromycin selectable marker. pCEP4 LA1 ± 447 is deleted in the C-terminal residues distal to 447 and would be expected to localize inside the nucleus due the absence of a CAAX box isoprenylation signal required for membrane targeting ( Figure 5 ). pCEP4 LA1 ± 406 lacks both the NLS and the CAAX box and would assemble aberrantly in the cytoplasm ( Figure 5 ). However, the sequences required for interaction with the E1B 19K protein were intact in both the deletions of lamin A and the binding between the two proteins was not expected to be impaired.
Bcl-2 S-labeled in vitro translated E1B 19K and Bcl-2 proteins. After washing with the NETN buer, the proteins were resolved by SDS ± PAGE and autoradiographed to visualize any association. Simultaneously, immunoprecipitation with anti-E1B 19K (2F3), and anti-Bcl-2 (DC21) antibodies were performed as controls Figure 5 Localization mutants of lamin A/C. Schematic representation of the constructs in the pCEP4 vector used to express the localization mutants of lamin A/C in mammalian cells. pCEP4 LA1 ± 447 lacks sequences C-terminal to amino acid 447 including the CAAX box isoprenylation signal, while pCEP4 LA1 ± 406 is deleted in sequences C-terminal to amino acid 406 including the NLS. These proteins were inframe with a myc epitope tag at the N-terminus to facilitate detection of the expressed protein To determine if the E1B 19K protein co-localized with the mutant lamin proteins, we transiently expressed the deletion mutants in 19K1, an E1A plus p53(Val135) transformed BRK cell line which stably expresses E1B 19K (Debbas and White, 1993) . The E1B 19K protein, lamins and mutant lamins are all insoluble and therefore biochemical fractionation cannot distinguish alterations in intracellular compartmentalization. For this reason, expression and localization of the proteins was followed by indirect immuno¯uorescence using anti-19K and anti-myc antibodies. The 19K1 cells were transfected with pCEP4 vector alone, pCEP4 LA1 ± 447, and pCEP4 LA1 ± 406 and processed for indirect immuno¯uoresence at 48 h post transfection. The cells were double-labeled with a mouse monoclonal antibody against the myc epitope tag and a rabbit polyclonal antibody speci®c for E1B 19K. The mutant lamin A/C and E1B 19K proteins were visualized using rhodamine-and¯uorescein-conjugated anti-mouse and anti-rabbit antibodies, respectively. Concomitantly, cells were stained with Hoechst dye to visualize DNA and demarcate the nucleus.
The mutant proteins were eciently expressed and localized as expected ( Figure 6 ). LA1 ± 447 showed aberrant assembly within the nucleus, pushing the DNA to the periphery resulting in altered Hoechst dye staining, while LA1 ± 406 displayed predominantly cytoplasmic localization (Figure 6 ). Localization of the E1B 19K protein in the vector transfected control cells was detected on the nuclear periphery and in cytoplasmic membranes as previously reported ( Figure  6 ) (White et al., 1984a; White and Cipriani, 1989, 1990) . However, expression of the localization mutants of lamin A/C greatly altered the localization of the E1B 19K protein. The E1B 19K protein co-localized entirely with the mutant lamins and was nuclear in cells transfected with pCEP4 LA1 ± 447 and cytoplasmic with pCEP4 LA1 ± 406 (Figure 6 ). These results are consistent with the E1B 19K protein associating with the nuclear lamins in vivo. The overexpressed localization mutants of lamin A/C had the ability to bind and displace the E1B 19K protein from its normal location in the nuclear envelope and cytoplasmic membranes.
The localization mutants of lamin A/C interfere with the function of the E1B 19K protein E1A plus p53 (Val135) can transform BRK cells and while the cells are healthy and proliferating at the restrictive temperature of 388C, they undergo apoptosis at the permissive temperature of 328C when p53 is wild-type (Debbas and White, 1993 Figure 6 The E1B 19K protein colocalizes with both the nuclear and cytoplasmic localization mutants of lamin A/C in vivo. The 19K1 cell line was transfected with the pCEP4 vector, pCEP4 LA1 ± 447 and pCEP4 LA1 ± 406 and processed for double label immuno¯uorescence after 48 h. A monoclonal antibody against the myc epitope tag on the mutant lamin A/C proteins and a polyclonal antibody against the E1B 19K protein were used in conjunction with rhodamine conjugated anti-mouse and¯uorescein conjugated anti-rabbit secondary antibodies to visualize the mutant lamins and E1B 19K proteins respectively. Hoechst dye staining was performed at the same time to visualize DNA and mark the edge of the nucleus Sabbatini et al., 1995a,b) . The function of the E1B 19K protein as an inhibitor of apoptosis is attributed mainly to its ability to bind the cellular death promoting proteins, Bax, Bak and Nbk/Bik (Boyd et al., 1995; Farrow et al., 1995; Han et al., 1996a,b) .
To test if localization of the E1B 19K protein to the nuclear periphery and cytoplasmic membranes is important for function, we used the localization mutants of lamins ( Figure 5 ) to alter E1B 19K localization. The pCEP4 vector, pCEP4 LA1 ± 447 and pCEP4 LA1 ± 406 plasmid DNA at concentrations of 1 mg each were transfected into the An1 or 19K1 cells and allowed to form colonies at 388C by selecting for hygromycin resistance. Similar stable transfection of 19K1 cells was performed with 1 mg of vector control or mutant lamin expressing plasmid DNA and the cells were incubated at 328C after selecting for hygromycin resistance. Incubation at 328C would challenge the function of the E1B 19K protein in cells expressing the localization mutants of lamin A/C. If the normal localization of the E1B 19K protein was important for function, the mutant lamin expressing cells would fail to survive and undergo apoptosis. The surviving cells were allowed to recover and develop into colonies at 388C. The number of colonies was determined by Giemsa staining and expressed as a percentage of the colonies in the vector control plates (Figure 7) .
In the An1 cells at 388C, the number of colonies formed with the expression of the mutant lamin protein was comparable to the vector transfected control plates (Figure 7 ). At 388C, An1 cells are healthy and proliferating and expression of the localization mutants of lamin A/C even at high levels, had no eect on cell viability (Figure 7 ). This indicates that the lamin 1 ± 447 and 1 ± 406 mutants do not induce apoptosis and do not have any eect on their own. Also, transient transfection of the mutant lamin expressing constructs do not bring about any changes in the viability of cells that do not express E1B 19K protein (Han J, personal communication) . At 328C, the An1 cells rapidly undergo apoptosis (Debbas and White, 1993) and no colonies were formed either with vector transfection or with mutant lamin expression (data not shown).
Expression of the nuclear and the cytoplasmic localization mutants of lamin A/C aected colony formation in the E1B 19K expressing 19K1 cells. At 388C, expression of the localization mutants of lamin A/ C decreased colony formation 3 ± 4-fold as compared with the vector transfected control (Figure 7) . The eect of mutant lamin expression was more dramatic at 328C where the function of the E1B 19K protein is required to maintain cell viability. Expression of LA1 ± 447, the cytoplasmic localization mutant of lamin A/C, decreased colony formation 30-fold and expression of LA1 ± 406, the cytoplasmic localization mutant resulted in a 17-fold decrease in colony formation as compared to the vector transfected controls (Figure 7) . Similar results were obtained by transfecting increasing amounts of DNA into the 19K1 cells at 328C (data not shown). The localization mutants of lamin A/C interfere with the function of E1B 19K by extracting the 19K protein away from its normal site of localization. These results indicate a functional antagonism of E1B 19K by the lamin localization mutants suggesting that proper localization of the E1B 19K protein to the nuclear lamina and cytoplasmic membranes is important for its function as an inhibitor of apoptosis.
E1B 19K does not block lamin proteolysis
Disassembly of the nucleus during apoptosis is accomplished by the activation of a cysteine protease and site-speci®c proteolysis of the nuclear lamins (Earnshaw, 1995; Rao et al., 1996) . Lamin proteolysis occurs during E1A-induced p53-dependent apoptosis and the site of proteolysis has been mapped to a conserved aspartic acid residue at position 230 of lamin A/C (Rao et al., 1996) . Although minimal binding of the E1B 19K protein mapped to amino acids 252 ± 390 of lamin A/C, excluding the cleavage site, binding in vivo could include additional¯anking sequences and the site of lamin proteolysis. The close proximity between the site of lamin cleavage and E1B 19K binding suggested that the binding of the E1B 19K protein to lamin A/C may serve to protect lamins from proteolysis during apoptosis. Nuclei from mock and Ad2 infected HeLa cells were mixed with extracts from An1 cells incubated for 14 h at 328C when they were undergoing apoptosis and contained lamin cleavage activity (Rao et al., 1996) . After incubating the nuclei and apoptotic extract at 378C for 0, 15, 30, 60, 90 and 120 min, the reaction mixtures were resolved on SDS ± PAGE and Western blotted with a monoclonal antibody speci®c for lamin A/C and a polyclonal antibody for the E1B 19K protein (Figure 8 ). The kinetics of cleavage followed the same course with both mock and Ad2 infected nuclei as seen by the appearance of cleavage products at 47 and 37 KDa for lamin A and C respectively (Figure 8 ) as has been observed previously (Rao et al., 1996) . The presence of the E1B 19K protein in the nuclei from cells infected with Ad2 did not aord any protection to the lamins in these nuclei as they underwent cleavage similar to mock infected nuclei (Figure 8 ). Thus E1B 19K fails to protect nuclei from ICE-like proteases once they are activated, but does prevent protease activation. We have reported the absence of any proteases activity in the cytoplasmic extracts from cells expressing the E1B 19K protein which is consistent with a role for the E1B 19K protein upstream of protease activation (Rao et al., 1996; Sabbatini et al., 1997) . However, the mechanism by which E1B 19K inhibits protease activation is unknown.
Discussion
The adenovirus E1B 19K protein is a potent inhibitor of apoptosis required for productive infection and for ecient transformation by E1A to proceed unimpeded by cell death (White, 1994) . It has long been known that the E1B 19K protein localizes to the nuclear and cytoplasmic membranes during adenovirus infection (Persson et al., 1982) and accumulates in the nuclear envelope at late times (White et al., 1984a; White and Cipriani, 1989, 1990) . The E1B 19K protein is a major component of the nuclear lamina as determined by indirect immuno¯uoresence, immunoelectron microscopy and biochemical fractionation, but evidence for a physical association by immunoprecipitation has been dicult to establish as the harsh conditions required to solubilize the lamina resulted in the disruption of any interaction between the two proteins (White et al., 1984a; White and Cipriani, 1989) .
The yeast two-hybrid system has been a method of choice to isolate E1B 19K interacting proteins and three death-inducing cellular gene products, Bax Bak and Nbk/Bik have been successfully identi®ed as E1B 19K binding proteins using this approach (Farrow et al., 1995; Han et al., 1996a,b) . Cloning fragments of lamin A from the two-hybrid system for E1B 19K binding proteins is consistent with earlier observations and provides evidence for the existence of a direct physical association between the two proteins. The interaction has been con®rmed using in vitro binding assays and in vivo by employing localization mutants of lamin A/C.
Having established that the E1B 19K protein interacts with lamin A/C we attempted to address the functional signi®cance of this association. Mapping the interaction domain on the E1B 19K protein yielded no clues, as most of the E1B 19K protein (N-terminal 146 amino acids) was required for the interaction and none of the missense mutations tested abrogated the association. Interaction of E1B 19K with Bax and Nbk/Bik is lost or reduced with the mutation of phenylalanine to serine in pm51 in BH3 and glycine to alanine in pm87 in BH1 (Han et al., 1996a,b) Mock or wild-type Ad2 infected HeLa nuclei were mixed with cytoplasmic extracts from An1 cells incubated at 328C for 14 h (apoptotic). The extracts contain an activated protease capable of site speci®cally cleaving nuclear lamins (Rao et al., 1996) . After incubating the mixture for 0, 15, 30, 60, 90 and 120 min at 378C, the proteins in the incubation mix were resolved by SDS ± PAGE and Western blotted with an antilamin A/C monoclonal antibody and an E1B 19K polyclonal antibody. The cleavage products for lamin A and C appear as 47 and 37 KDa bands respectively and are designated LA p47 and LC p37
19K protein and lamin A/C may involve multiple points of contact in the N-terminal 146 amino acids of the E1B 19K protein.
Bax, Bak and Nbk/Bik, the three cellular proteins characterized for associating with and inhibiting E1B 19K also bind Bcl-2 and antagonize its ability to inhibit apoptosis (Chittenden et al., 1995a,b; Farrow et al., 1995; Han et al., 1996a,b; Kiefer et al., 1995) . E1B 19K and Bcl-2 function as homologues and are indistinguishable in their ability to interact with Bax, Bak and Nbk/Bik and inhibit apoptosis. However, interaction with lamin A/C is unique to E1B 19K as Bcl-2 does not associate with lamins. Similarly, Bcl-2 interacts with R-ras (Fernandez-Sarabia and Bischo, 1994; Wang et al., 1995) while no interaction between E1B 19K and R-ras has been detected (unpublished observations). Interaction of E1B 19K with lamins distinguishes it from Bcl-2 and may represent a dierence in localization and function between the two proteins. Although both the E1B 19K and Bcl-2 proteins inhibit apoptosis, the E1B 19K protein is generally more active and is a better inhibitor of FASand TNF-a-mediated apoptosis (Chiou et al., 1994b; . Perhaps the interaction with lamins potentiates the activity of E1B 19K as an inhibitor of apoptosis.
Lamin A/C is degraded during E1A-induced p53-dependent apoptosis and no lamin proteolysis is apparent in the E1B 19K expressing cells (Rao et al., 1996) . Inhibition of lamin proteolysis by expressing protease resistant mutants of lamins delays the loss of viability due to apoptosis and alters the course of nuclear degeneration indicating that lamin proteolysis is necessary for rapid and ecient execution of apoptosis (Rao et al., 1996) . Although the minimal binding domain on lamin A/C is proximal to but does not include the site of lamin proteolysis (Rao et al., 1996) , a possibility that the association between the E1B 19K protein and lamin A/C may protect lamin cleavage was explored. However, E1B 19K acts upstream of protease activation (Rao et al., 1996; Sabbatini et al., 1997) and consistent with this observation, no protection or delay of lamin cleavage was apparent in nuclei expressing the E1B 19K protein once the proteases were already activated. E1B 19K is a functional homologue of the human protooncogene product, Bcl-2 (Chiou et al., 1994a,b) . E1B 19K and Bcl-2 also share limited but signi®cant amino acid sequence homology particularly in the BH1 and BH3 domains although the E1B 19K protein lacks BH2 and the C-terminal membrane targeting domain present in other Bcl-2 family members (Chiou et al., 1994b; Rao and White, 1997) . The Bcl-2 oncoprotein localizes to the nuclear envelope, endoplasmic reticulum and outer mitochondrial membranes in a variety of cellular systems (Chen-Levy and Cleary, 1990; Hockenbery et al., 1990; Krajewski et al., 1994; Monagan et al., 1992) . The membrane anchor domain is important for proper localization of the Bcl-2 protein and deletion of the C-terminal 22 amino acids of Bcl-2 results in an aberrantly localized protein inecient at overcoming apoptosis (Hockenbery et al., 1990; Nguyen et al., 1994; Tanaka et al., 1993) . While it is reasonable to assume that proper localization of the E1B 19K protein is signi®cant for its function as an inhibitor of apoptosis, this has not been tested as the E1B 19K protein lacks a discreet membrane targeting domain and a simple deletion is insucient to mislocalize the E1B 19K protein. Although the E1B 19K protein does not contain a membrane targeting domain or any signal sequences to classify it as a typical membrane protein (Chiou et al., 1994b) , acylation sites at the N-terminal half of the protein which are palmitated and myristated has been proposed to play a role in the membrane association of the E1B 19K protein (Grand et al., 1985; McGlade et al., 1987) . However, the sites of acylation have not been mapped and mutated to demonstrate their functional relevance. Also, fatty acid acylation assists in membrane targeting of proteins without distinguishing between plasma, nuclear or other cytoplasmic membranes (Olson et al., 1985; Schlesinger, 1983) and is therefore insucient to confer the speci®city of E1B 19K localization.
Mutants of lamin A/C which extract the E1B 19K protein away from its normal site of residence into the cytoplasm or nucleus render the cells susceptible to apoptosis and the E1B 19K protein is incapable of functioning as an inhibitor of apoptosis. Similarly, adenoviruses harboring mutants of the E1B 19K protein, which fail to localize to the nuclear envelope during infection, fail to maintain the integrity of cellular and viral DNA which is indicative of apoptosis (White et al., 1984a) . These observations strongly suggest that the localization of the E1B 19K protein to the nuclear envelope is important for function. Although we do not know whether 19K binding to the lamins is required for function, one hypothesis is that lamin binding facilitates proper localization of the E1B 19K protein to the nuclear envelope. Further, association of the E1B 19K protein with lamin A/C would ensure proper localization of E1B 19K to the nuclear envelope after mitosis when the nuclear lamina reassembles (White et al., 1984a) . The E1B 19K protein may need to reside at the nuclear envelope, as other cellular proteins that E1B 19K binds to and inhibits in order to overcome apoptosis (like Bax and Nbk/Bik) may be at the nuclear periphery. Alternatively, E1B 19K may regulate the transit of proteins, ions or other molecules across membranes to function as an apoptosis antagonist. In either situation, proper localization of the E1B 19K protein would be imperative for function.
Materials and methods
The two-hybrid system A HeLa cDNA library in the pGAD-GH vector was screened using pGBT9-19K as a bait and has been previously described (Han et al., 1996a,b) . False positives were eliminated by screening for interactions with irrelevant proteins and the empty pGBT9 vector. Interaction between R-ras and Bcl-2 served as a positive control and has been reported before (Fernandez-Sarabia and Bischo, 1994) . Sequencing of the cDNA encoding interacting proteins was performed using Sequenase 2.0 (US Biochemical, Cleveland, OH) according to the manufacturer's instructions and sequence analysis and comparisons were done using the University of Wisconsin, GCG package.
All deletion mutants were tested for interaction in the two-hybrid system by cotransfection with either pGBT9 19K or BP2 and scored for interactions by the vigor of growth of the transformants on yeast drop-out media lacking tryptophan, leucine and histidine. A ®lter based bgalactosidase assay was also used and has been described before (Han et al., 1996a) .
Plasmid constructions
Plasmids for expressing missense and deletion mutants of E1B 19K in the yeast two-hybrid system have been previously described (Han et al., 1996a) . The T7 expression plasmids for in vitro translating E1B 19K and Bcl-2 have also been described previously (Han et al., 1996a) . The lamin deletions, LA252 ± 390, LA345 ± 424 and LA389 ± 464 were constructed by standard PCR techniques using speci®c primers with EcoRI and XhoI sites engineered at the ends in order to clone in frame with the GAL4 activation domain in the pGAD vector. BP2 was used as a template in the PCR reaction. The deletion DN411 was constructed by deleting an EcoRI ± DraIII fragment from the N-terminus of the lamin insert in BP2. This resulted in the deletion of the Nterminal 411 amino acids of lamin A/C. The deletion LA252 ± 411 was generated by excising sequences 3' to a DraIII site in BP2, resulting in the removal of the Cterminal 253 amino acids from lamin A. pGAD LA252 ± 464 was constructed by deleting sequences 3' to a NcoI site in BP2 and re-ligating the vector to generate a truncation of the C-terminal 200 amino acids of lamin A.
The inserts from pGAD LA252 ± 390, LA252 ± 411 and LADN411 were subcloned into the SmaI and XhoI sites of the pGEX 4T1 vector (Pharmacia, Piscataway, NJ) which allowed cloning in frame with Glutathione-S-Transferase (GST) for the translation of a fusion protein reading through into the lamin insert. These constructs were transformed into BL21 E. coli to purify the GST-fusion proteins for the in vitro binding experiments. pCEP4 LA1 ± 447 and pCEP4 LA1 ± 406 were PCR cloned into the KpnI ± XhoI sites of the pCEP4 vector (Invitrogen, San Diego, CA) using speci®c primers to generate a XmaI site at the 5' end and a XhoI site at the 3' end to clone in frame with a myc epitope tag sequence at the N-terminus as described before (Han et al., 1996a; Rao et al., 1996) . Full length cDNA of lamin A from HeLa cells cloned into the pRcCMV vector was used as a template in the PCR reaction and has been previously described (Rao et al., 1996) .
In vitro binding assays GST-fusion proteins were puri®ed from BL21 E. coli transformed with the pGEX plasmids after induction with IPTG. The procedures used have been previously described (Rao et al., 1996) .
35 S-methionine-labeled E1B 19K and Bcl-2 proteins were generated in an in vitro transcription translation system (Promega Corp., Madison, WI) using T7 expression plasmids as previously described (Han et al., 1996a) . The translated proteins were incubated with equal quantities (3 mg) of the GST fusion proteins, immobilized on Glutathione-Sepharose beads. The binding was performed in the NETN immunoprecipitation buer (20 mM Tris-HCl 8.0, 100 mM NaCl, 1 mM EDTA and 0.5% NP-40) for 2 h at 48C and washed three times in the same buer. Simultaneously, labeled proteins were immunoprecipitated with anti-19K monoclonal 2F3 (Han et al., 1996a) and antiBcl-2 polyclonal DC21 (Santa Cruz Biotechnology, Santa Cruz, CA) antibodies in the NETN buer. All proteins bound on the sepharose beads were boiled in sample buer and resolved on a 17% SDS ± PAGE gel. Gels were ®xed in 50% methanol, 10% glacial acetic acid for 2 h and autoradiographed to visualize the labeled proteins.
Indirect immuno¯uorescence
9K1, the E1A plus p53(Val135) transformed BRK cell line that stably expresses the E1B 19K protein (Debbas and White, 1993) was transfected by electroporation with 10 mgs of pCEP4, pCEP4 LA1 ± 447 and pCEP4 LA1 ± 406 CMV expression plasmids and plated onto glass coverslips. After 48 h at 388C, the cells were ®xed with cold methanol and double labeled with an anti-myc monoclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA) and an anti-19K polyclonal antibody as described before (Han et al., 1996a) . The immune complexes were detected by staining with anti-mouse rhodamine and antirabbit¯uorescein conjugated secondary antibodies. Before mounting onto slides the coverslips were incubated with Hoechst dye to visualize DNA and the slides were viewed and photographed on a Nikon FXA microscope equipped with epi¯uorescence optics.
Colony formation assays
E1A plus p53(Val135) transformed cell line (An1) and those expressing E1B 19K (19K1) were transfected with 1 mg of pCEP4, pCEP4 LA1 ± 447, and pCEP4 LA1 ± 406 CMV expression constructs by electroporation. Electroporations were performed at a voltage of 0.22 volts and capacitance of 960 mF using a Biorad Genepulser. The cells were incubated at 388C for 48 h and selected for colony formation with hygromycin containing Dulbecco's modi®ed Eagle's medium. The 19K1 cells transfected with 1.0 mg of pCEP4, pCEP4 LA1 ± 447, and pCEP4 LA1 ± 406 CMV expression constructs. The transfected cells were incubated at 328C for 5 days to trigger apoptosis and challenge the function of the E1B 19K protein before allowing for colony formation at 388C. After 21 days all plates were Giemsa stained and counted for the number of colonies formed.
Lamin degradation assay
Preparation of cytoplasmic extracts from apoptotic An1 cells incubated at 328C has been previously described (Rao et al., 1996) . Nuclei from mock and Ad2 (moi=100) infected HeLa cells were prepared by the method described by Lazebnik et al. (1993) . 10 6 nuclei were mixed with 10 ml of extract for each time point with the addition of 10 mM HEPES (7.0), 50 mM NaCl, 2 mM MgCl 2 , 0.1 mM CaCl 2 , 40 mM b-glycerolphosphate and 1 mM DTT. Samples were collected at 0, 15, 30, 60, 90 and 120 min after incubating the mixture at 378C. Sample buer containing SDS was added to stop the reaction at the end of each time point and the samples were boiled. The proteins were resolved on SDS ± PAGE gels, Western blotted with an anti-lamin A/C monoclonal antibody or an anti-19K polyclonal antibody, and the immune complexes were detected by enhanced chemiluminiscence (ECL) as per the manufacturer's instructions (Amersham, Arlington, IL). The anti-lamin A/C antibody was a kind gift of Dr Frank Mckeon (Harvard Medical School, MA) .
